Background
Conclusion
The premotor cortex and cerebellum are thought to be crucial for the experience of bodyownership and the integration of multisensory information. Our results suggest that BIID is associated with structural brain anomalies and might result from a dysfunction in the integration of multisensory information, leading to the feeling of disunity between the mental and physical body shape.
Introduction
awareness of a limb [30] , although sometimes this misconception can (temporarily) be corrected. The right posterior insula seems to be a crucial structure in patients with disturbed sensation of limb ownership [4, 9] , but some case-studies also report patients with alien hand syndrome and asomatognosia with single lesions in the corpus callosum [33, 35] or premotor cortex [36] respectively.
One study investigated structural anomalies in subjects with BIID. In 2013 Hilti et al preformed structural imaging in 13 male patients with a strong desire for amputation and an equal number matched controls [10] . Surface-based morphometry revealed group differences in the somatosensory and parietal cortices, although the results did not remain significant after correcting for multiple comparisons. Hilti et al. assumed that BIID is not a disorder that can be localized in any circumscribed region of the human brain, but assumed that it reflected a breakdown of key areas coding for different facets of the experience of body-ownership.
We recently reported the results of a functional MRI study in individuals with BIID [11] . We included 5 BIID patients with a single leg amputation desire and matched them to healthy controls. Our study showed that individuals with BIID have overall heightened responsivity of a large somatosensory network during tactile stimulation of both legs. Importantly, we found reduced activity in the left premotor cortex during stimulation of the disowned leg compared to the owned leg, suggesting that altered somatosensory processing in the premotor cortex is associated with the feeling of disownership in BIID.
To investigate whether altered processing in the premotor cortex is associated with differences in neuroanatomy, we now also analyzed the structural MRI data from our previous study in a slightly larger sample of participants. In line with our previous findings, we hypothesized that BIID could be associated with differences in cortical gray or white matter volume of the premotor cortices.
Methods Participants
BIID participants were recruited through advertisements on online BIID forums and via other participants and were matched to healthy controls (HC). In order to increase power we collected thrice as many HC as individuals with BIID. BIID was diagnosed with a psychiatric assessment, using the definition of BIID as the existence of a lifelong desire to have either an amputation or paralyzation with the primary objective to restore one's true identity. Furthermore, patients were screened for the presence of DSM-IV axis I disorders. The study was approved by the Medical Ethical committee of the Academic Medical Centre (AMC) of the University of Amsterdam and written informed consent was obtained after complete description of the study to the subjects.
Image acquisition
We acquired a T1-weighted whole brain high-resolution MRI on a 3 Tesla Intera full-body scanner (Philips Healthcare, Best, The Netherlands), equipped with a SENSE eight-channel receiver head coil, with the following parameters: matrix size: 256 × 256, field of view (FOV): 226 × 226 × 218 mm 
Image processing
We examined images for scanning and motion artefacts and large anatomical abnormalities before processing. Subsequently, we centered all images manually at the anterior commissure and pre-processed them with SPM8 (https://www.fil.ion.ucl.ac.uk/spm/sofware/) implemented in Matlab 8.1.0 (The Mathworks Inc., Natick, MA). Pre-processing for VBM included segmenting structural T1 images into grey matter (GM), white matter (WM), cerebrospinal fluid and skull, manually quality control check, normalization to MNI space, modulation with the Jacobian determinant, and spatial smoothing (Gaussian kernel of 12-mm full-width at half maximum), using the standard tools of SPM8. The obtained images were used for statistical analysis.
Statistical analyses
We compared demographics using non-parametric tests (the Mann-Whitney U test) for linear variables and chi-square test for dichotomous variables in SPSS (IBM SPSS for Windows, 20.0, 2011). Voxel-wise statistical tests were family-wise error (FWE) rate corrected for multiple comparisons (p<0.05) across the whole brain or the region of interest (ROI), and were corrected for total intracranial volume (TIV) by including TIV as covariate of no interest. Given our a-priori knowledge of the involvement of the left dorsal and ventral premotor cortex related to BIID in our previous study, we applied a small volume correction (SVC) to these regions by centring a sphere of 15mm radius around the meta-analytic center of the premotor cortices based on a study by In addition we reported clusters of more than 10 contiguous voxels, tresholded at p<0.005 uncorrected for multiple comparisons.
Results

Subjects
We recruited eight individuals with BIID and 24 matched healthy controls without a neurological or psychiatric history ( Table 1) . Characteristics of subjects with BIID are described in Table 2 . In summary, two of the BIID participants had a psychiatric co-morbid mood disorder, resulting from having to deal with BIID, a strange, untreatable condition. Three individuals with BIID desired amputation of the right leg, two the left leg, one desired both legs to be amputated and two desired both legs to be paralyzed.
Voxel-based morphometry data
Global brain measures did not differ significantly between groups (Table 1) . Gray matter volumes in both the left PMd and left PMv were significantly smaller in BIID patients than in healthy controls (Figs 1 and 2 ). Gray matter volume of the left cerebellum (lobule VII) was significantly larger in BIID patients than in healthy controls (Table 3 , Fig 3) . To explore whether there the BIID patients in our study showed similar gray matter abnormalities as reported in the only other study on BIID, we created an ROI that included all the regions that were reported in Hilti et al. The brain region with the maximum difference was located in at the right inferior parietal lobule, but did not survive the SVC (p = 0.191 (SVC), T = 3.54, maximum difference at MNI x = 24 Y; y = -36; z = 48). There were no other significant differences in gray or white matter after correction for multiple comparisons. For exploratory purpose, results at p<0.005 uncorrected were reported in Tables 3 & 4 .
Discussion
In this study we investigated structural brain differences in 8 BIID subjects with either a paralyzation or amputation variant using VBM. As expected we found significantly reduced grey matter volume in the left dorsal (PMd) and ventral (PMv) premotor cortices in BIID subjects compared to controls. Moreover, we additionally observed larger grey matter volume in the cerebellum (lobule VIIa) of BIID subjects compared to HC participants.
In line with the altered PM processing that we reported earlier in our functional MRI study in BIID individuals, we found structural PM gray matter differences [38] . It is accepted that the integration of visual, tactile and proprioceptor information across different body parts contributes to the perception of body ownership [1, 2, 39, 40] . Activity in the premotor cortex (PM) has been shown to reflect the feeling of ownership of a limb by cortical integration of this multisensory information [27, 38, 39] . Especially the PMv is hypothesized to be crucial in the self- attribution of body-parts. The PMv is anatomically connected to somatosensory and visual areas in the posterior parietal cortex and to frontal motor areas [39, 41] . In perceptual illusions and our BIID study the PM seems crucial in experiencing body-ownership, while in stroke patients with disturbance in body-image (n = 70), no difference in PM connectivity was found [25] . Body-ownership problems in neurological patients are mainly seen as impairment of the parietal cortex and insula [9, 42] . From a clinical point of view, the loss of recognition of a particular body part is prominent in those neurological patients [3, 30] , whereas subjects with BIID admit that their limbs are theirs but experience an internal struggle of feeling overcomplete with four functioning limbs [6, 14, 18] . Therefore, PMv could be more related to the higher order inner body-experiences, whereas the parietal and insular cortex deficits result in a more primary disturbance when it comes to processing visual and sensory information leading to recognition of body-parts. This is underlined by a recent study of Lenggenhager et al. in which 9 BIID subjects were able to experience a rubber foot illusion, although the vividness of the illusion was stronger than in controls [43] . Following this hypothesis, the paralyzation-variant can be seen as a 'milder form of BIID', disintegrating the multisensory information to the extent that limbs are not functioning. Whereas a stronger dysfunction might lead to stronger desire, i.e. amputation of the limbs. One can only speculate about the possible mechanisms underlying the gray matter differences in the PM in BIID, as differences in gray matter could lead to or may be the consequence of abnormal body experience and PM processing. BIID subjects report symptoms of estrangement from early youth on [6, 7] . This strengthens the idea of a congenital cause of the condition [17] . The gray matter reductions might therefore be attributed to an early developmental problem. On the other hand, reduced neuronal activity in the PM could lead to structural changes of this area.
The finding of enlarged gray volume in the cerebellum (lobule VIIa, crus II) was unexpected. From an anatomical point of view prefrontal and posterior parietal cortices are reciprocally interconnected with cerebellar lobule VIIa [44] . Functionally this lobule is involved in emotional and cognitive processing [45] .
In another psychiatric body-image disorder structural cerebellar differences have been found. In anorexia nervosa (AN) patients, in which a distorted body image is a major component of their condition, atrophy of crus I and II of the cerebellum was found and related to mood alterations and cognitive rigidity [46, 47] . However, a meta-analysis of structural MRI data in AN patients did not confirm this cerebellar volumetric differences [48] . Little is known about emotional and cognitive processing in BIID. Clinical studies in BIID report mood symptoms accompanying an unsolved desire [6, 22] . Remarkably those depressive symptoms disappear after (self) amputation of their limb [20, 49, 50] . Through limbic projections on the cerebellum, this structure is an important region in neuroanatomical models of mood-disorders [51] . One study formally assessed emotional processing in BIID [52] . Seven individuals with BIID were tested in facial emotion recognition and emotional responses to disgusting images and, in general, showed no emotional impairment [52] . Functional imaging data are needed to test whether over-activity of the emotional brain circuitry, including the cerebellum, is present in BIID as a result of life-long depressive symptoms.
In addition to emotional processing, the cerebellum is also suggested to be involved in multisensory integration leading to the feeling of body-ownership, next to the vPM. Cerebellar activity, as well as premotor activity, was found to correlate with the strength of the ownership illusion in healthy controls [24, 39] . Whereas in patients with neurodegenerative cerebellar ataxia, a reduced sense of the subjective illusory experience was observed [53] . Strikingly enough, the PM was intact in those patients, suggesting that an intact ventral premotor cortex is not sufficient to generate an intact illusion [53] . Moreover, our fMRI study showed that the cerebellum displays heightened activity in BIID during tactile stimulation [38] . Overall, one could hypothesize that, in BIID subjects, impaired PM functioning (reduced GM) leads to over-activity of the lobule VIIa of the cerebellum, leading, in turn, to increased volumetric differences of this structure.
One other neuro-imaging study investigated structural brain abnormalities in BIID. It reported subtle differences in cortical thickness and surfaces area across the insula and parietal cortex, although those results did not survive correction for multiple comparisons [19] . Differences in the PM and cerebellum were not reported but were also not included as regions of interest. Furthermore, our results show also differences in the parietal cortex at an exploratory statistical level and partly replicate the results of Hilti et al. In both studies structural gray matter abnormalities in the superior and inferior parietal lobe and frontal lobe were found. These might be the result of altered neuronal activity in the frontoparietal network involved in the experience of body-ownership in BIID [17, 38, 54] . The finding of structural frontoparietal abnormalities in two BIID studies provides evidence for the actual presence of these deviations, and therefore point to the direction that the anomalies may not reach statistical significance as a result of limited statistical power due to a limited number of these rare cases included in both studies. This is the first VBM study reported in BIID subjects, including both the paralyzation and amputation variant of BIID, assuming both are of the same disorder since restoring the primary body identity is the main motivation for body modification, and both disorders only included disunity of the limbs (i.e. not the urogenital tract). After the main analysis, we would have preferred to stratify on both variants, although the number of subjects was not sufficient enough to do so. In addition, the small sample places limitations on generalizability. However, a sample size of eight affected subjects is still considered reasonable due to the rarity of BIID. To increase statistical power, we included three times as many healthy controls.
In conclusion, we found volumetric differences in BIID in the left premotor cortex and cerebellum (left lobule VII) using VBM. Both structures are hypothesized to be crucial for the experience of body-ownership and to integrate multisensory information. Considering these findings BIID could result from a dysfunction in the integration of multisensory information causing the feeling of disunity between the mental and physical bodyshape. Further research is warranted to replicate these findings and correlate them to fMRI data. More importantly, this evidence underlines the suggestion of a neural basis of BIID, and turns away from classifying the symptoms as a mere psychological condition. This is particularly important for the acknowledgment of the disorder as official in ICD-11, which will facilitate the quest to targets for new therapies. 
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